The structure of the interface formed by the binding of flat amorphous silica (a-SiO 2 ) surfaces at high temperatures was investigated by molecular dynamics simulation. The surface before binding was formed by the same method as that previously used for studying the a-SiO 2 surface [J. Appl. Phys. 92 (2002) 4408], in which a slab of silica sandwiched by two vacuum regions is used as the unit cell under three-dimensional periodic boundary conditions. The surfaces were contacted by reducing the cell size along the vacuum-sandwiched direction progressively up to the size of the simulation cell being the same as that of the bulk silica. The system was then heated at high temperatures up to 3000 K and quenched to 300 K. Although the coordination numbers of almost all atoms are regular, that is, four for Si and two for O, at temperatures higher than 2500 K, the density of the interface remained lower than that of the bulk region.
Introduction
Vitreous silica has excellent properties, such as a high purity with an extremely low amount of metallic impurity, a high optical transmission from the vacuum ultraviolet (VUV) to near infrared region, and a high heat resistivity. 1, 2) Utilizing these properties, this material is used as a lining of a furnace in the production of semiconductor devices, for preforms of optical fibers for telecommunications, as an optical material for UV light, for bulbs of high-intensity discharge (HID) lamps, and for optical cells for spectrophotometers.
These silica glass products are held at a high temperature in production and/or application processes. During such processes, the microscopic structure changes. In most cases, such a structural change is introduced on the surface and progresses into the inner part. One of the present authors and coworkers has studied the structural change in the nearsurface vitreous silica during heat treatment. [3] [4] [5] [6] During the heat treatment of hydroxyl-containing fused silica, the OH contents decreases, and the UV absorption due to defect structures is induced a few centimeters from the surface. 3) During silica glass tube blowing using hydrogen-oxygen flame, the OH content in the cross section of the tube changes. [4] [5] [6] In this case, the OH content also changes from the surface. As shown in these examples, the near-surface structure changes more easily than that of the inner parts.
In the processing of optical cells and fly-eye lenses used for the homogenizer of laser beams, flat polished surfaces are bound by contacting with the loading force at a high temperature. In this processing, the structure of the silica glass near the bounding interface must be changed and must strongly depend on the binding conditions, namely, the loading force, temperature and time.
Fused quartz (FQ) is made by melting natural quartz powder.
1) The trace of the fusion called the ''granular structure'' can be observed optically by the projection of the point light source through the sample with polished surfaces onto a screen.
1) The structure of the grain boundary must be different from the inner part of the grain. FQ has an absorption band near 5.2 eV called the B 2 band. 7, 8) The B 2 band in OH-containing FQ can be annealed, whereas that in the OH-free FQ remains almost constant during heat treatment. 9) One of the present authors and coworkers proposed a model to describe this phenomenon. 10, 11) The origin of the B 2 band is twofold-oxygen coordinated silicon (TOCS; =Si ). A TOCS in OH-containing FQ has two coordinated OH groups, while that in OH-free FQ has none. We also hypothesized that TOCSs and OH groups exist at the grain boundary. 10, 11) We will call the interface formed by heating the contacted flat surfaces with loading and the grain boundary in FQ the ''binding interface''. A molecular dynamics simulation of the interface formed by the binding of two flat surfaces must provide variable information for understanding the structure of the binding interface.
Garofalini and coworkers studied the structure of the silica glass surface [12] [13] [14] and the interface between silica glass and crystals. [15] [16] [17] They used the screened Coulomb potential term to avoid the complex calculation for a longrange Coulomb interaction. The charge of each atom is fixed in their model. Their potential is not appropriate for describing the nature of the surface structure for the following reasons: (i) The screened Coulomb term can be applicable only to the bulk in terms of mean-field approximation. (ii) The charge of each atom near the surface must be different from that in the bulk, because many dangling bonds exist near the surface.
To reproduce the tetrahedral structure on the surface, Feuston and Garofalini 13) introduced a three-body term in addition to the pair-additive potential term. Vashishta and coworkers 18) proposed a potential containing the three-body and exact Coulomb interaction terms. Potentials containing the three-body term cannot reproduce the structure at high temperatures. 19) The volume-temperature curve of the vitreous silica has a minimum at a high temperature, 1) which can be reproduced only when pair-additive potentials are used. 19) This is because the three-body term acts as a repulsion force at high temperatures.
In previous studies, [20] [21] [22] we utilized a semiempirical method called the charge equilibration (QEq) method 23) combined with classical molecular dynamics simulation to study the near-surface structure of amorphous silica. In addition to the QEq method, the geometry proposed by Bakaev, which can be applied to the usual Ewald method to calculate the Coulomb interaction exactly, 24) was used. Here, the unit simulation cell consisted of a slab of silica sandwiched by two vacuum regions.
If the vacuum regions are reduced progressively in the simulation cell, the surface can make contact. Therefore, in this study, we investigated the structure of the interface formed by binding two flat surfaces at high temperatures with a loading force.
Simulation Method

Potential
The potential used is the Morse-stretch potential proposed by Demiralp et al.
25)
The parameters used in the potential are shown in Table I .
QEq method
The charge of all atoms, Q 1 ; Q 2 ; . . . ; Q N , is determined using a linear equation called the QEq equation as
. .
. . . Table II . The Coulomb integral is calculated using the Slater orbital ðrÞ n A as
For the numerical calculation, the integral is approximated using the function
where the units of J AB ðrÞ are joules and those of r are nanometers. The parameters a and b for the Si-Si, O-O and Si-O pairs are shown in Table I .
Simulation
We used a system consisting of 648 particles (216 Si and 432 O atoms). Starting from the cubic cell of -cristobalite with an edge length (L) of 2.14 nm and a density of 2.2 g/ cm 3 , the equation of motion was integrated by the velocity Verlet method. The temperature was controlled by the scaling method. For producing the bulk amorphous silica, the system was heated from 300 to 8000 K stepwise at a rate of 100 K/1 ps with the NVT system. After holding at 8000 K for 50 ps, the system was cooled to 2000 K stepwise at a rate of 100 K/1 ps. After holding at 2000 K for 20 ps, the surface was created by adding a vacuum region with a width of L=2 on both sides in the z direction. The size of the simulation cell in the z direction became 2L after adding the vacuum region. The system was then cooled to 1000 K stepwise at a rate of 100 K/1 ps. After holding at 1000 K for 20 ps, the system was cooled to 300 K stepwise with a cooling rate of 100 K/1 ps.
After forming the surface as previously mentioned, the size in the z direction of the simulation cell was reduced by 1% of 2L every 1000 simulation steps until it became L for contacting the surfaces. After the contact of the surfaces at 300 K, the system was held for 1 ns. Then, the temperature was increased up to each of 500, 1000, 1500, 2000, 2500, and 3000 K stepwise at a rate of 100 K/1 ps. After holding at each temperature for 2 ns, the system was rapidly cooled to 300 K by setting the target temperature at 300 K by the scaling method. Hereafter, we shall refer to the process held at a high temperature as ''heat treatment'', and the rapid cooling process as ''quenching''.
For analysis, the simulation cell was divided into sublayers with a thickness of 0.15 nm along the z axis. The sublayers were named the first, second, third, . . ., and seventh sublayers from the interface. We designated these sublayers as L 1 ; L 2 ; L 3 ; . . ., and L 7 , respectively. The origin of the z direction was set at the center of L 1 . The quantities of the symmetric sublayers were averaged.
Results
Density distribution
The density distributions near the binding interface before and after quenching are shown in Fig. 1 . For comparison, the density distribution before contact was also plotted. Figure 1 (a) shows the density distribution after heating at each temperature for 10 ns. Figure 1 (b) shows that after quenching. The horizontal line indicates the setting density of 2.2 g/cm 3 for the bulk amorphous silica. Hereafter we will call this value the ''bulk density''.
Upon contact, the density of the interfacial layer (L 1 ) slightly increases, but the value does not markedly change. Although the density of the interfacial layer is lower than the bulk density, those of the other layers are near the bulk density. Figure 2 shows the heating-temperature dependence of the density of the interfacial layer L 1 . The values before and after quenching at the same heat-treatment temperature are approximately the same, except at 3000 K. At a temperature lower than 1500 K, the density increases with increas- Table I . Parameters in potential and eqs. (1) and (4). ing heat-treatment temperature. On the other hand, between 2000 and 2500 K, the density decreases. At 3000 K, the density after quenching is higher than that before quenching. Figure 3 shows the charge distribution near the interface. The features of the charge distributions before and after quenching are almost the same. The horizontal lines indicate the average atomic charge in the bulk. For comparison, the charge distribution before contact is also indicated. Before contact, the absolute charge of the O atom decreases while approaching the surface. After contact, the charge of the Si atom becomes almost constant among all the sublayers. As for the charge of the Si atom before contact, it decreases almost linearly while approaching the surface among L 4 -L 1 . In sublayers deeper than L 4 (z ¼ 0:45 nm), the charge of the Si atom is almost constant. After contact, the distribution changes. The main difference from the charge of the O atom is that only the charge of the interfacial layer L 1 is lower than those of the other sublayers. As shown in Fig. 4 , the charge of the Si atom in the interfacial layer increases almost linearly with increasing heat-treatment temperature. The charge is lower than that in the bulk indicated by a horizontal line in Fig. 4 . Figure 5 shows examples of the radial distribution function (RDF). By the contact, the height of the first peak decreases, and its width increases [ Fig. 5(b) ]. The height of this peak decreases while approaching the interface. This must be due to the strain caused by the stress induced by the contact. At high temperatures, the width of the first peak increases with increasing temperature [Figs. 5(c) and 5(d)] due to the thermal agitation of the atoms. After quenching, the peak height and width converge to a constant value. This indicates that the bond length relaxed to the equilibrium value. The coordination number is calculated by counting the average number of atoms within a critical atomic radius, 0.165 nm. The results are shown in Fig. 6 . In this figure, SiO n indicates n-oxygen-atom-coordinated silicon, and OSi m indicates m-silicon-atom-coordinated oxygen. We represent the fractions of SiO n and OSi n as f SiO n and f OSi m , respectively. Figure 7 shows the heat-treatment temperature dependence of the coordination number of the interfacial layer. The fraction of SiO 4 and OSi 2 becomes 1 at temperatures higher than 2500 K.
Charge distribution
Radial distribution function and coordination number
Bond-angle distribution
Examples of the O-Si-O and Si-O-Si bond-angle distributions are shown in Figs. 8 and 9 , respectively. The distribution curves are complex. The curves in the present case have peaks and shoulders even in the deepest layer L 7 (z ¼ 0:9 nm). This indicates that the effect of the strain by the contact affects even the deepest layer of the simulation cell.
The Si-O-Si bond-angle distributions are more complex (Fig. 9) . On the surface before contact, an isolated peak near 100 is observed. Complex peaks are observed at angles higher than 120 .
Discussion
Origin of ''low density'' in interfacial layer
The density of the interfacial layer L 1 remains low at a temperature higher than 2500 K (Fig. 2) despite the coordi- nation state of all atoms becoming regular, that is, f SiO 4 ¼ f OSi 2 ¼ 1 (Fig. 7) . The low density indicates that the structure is not completely recovered and that distorted bonds exist. The O-Si-O bond-angle distribution at the heattreatment temperature of 3000 K exhibits peaks at 103 and 115 [ Fig. 8(d) ]. This provides evidence regarding the distortion of the bonds.
The density of the interfacial layer increases with increasing heat-treatment temperature at temperatures lower than 2000 K (Fig. 2) . At these temperatures, the coordination numbers of the interfacial layer are almost constant. The relation ð1 À f SiO 4 Þð1 À f OSi 2 Þ % 4 holds at a temperature lower than 2000 K, except at 1000 K at which f OSi 2 ¼ 1. This could be attributed to the atomic valence. At 1000 K, f OSi 2 ¼ 1 despite f SiO 4 < 1. This could be attributed to the existence of an edge-share structure, 14) as shown in Fig. 10 . This structure corresponds to peaks at %80 and %100 in the OSi-O and Si-O-Si bond-angle distributions, respectively (Figs. 8 and 9 ). The increment in the density in this temperature range could be attributed to the increment in thermal agitation that reduces the mean distance between neighboring Si atoms. In a previous study, 19) we showed that the density of the silica glass using a similar type of potential increases with increasing temperature at temperatures lower than %3000 K. At 2500 and 3000 K, the densities become lower than those at the other temperatures. This could be attributed to the distorted chemical bonds among the atoms. At 3000 K, the density increases during quenching (Fig. 2) . Since the thermal agitation is large at this temperature, the distorted bonds could relax during quenching.
In FQ, the ''granular structure'', a trace of the fusion of particles of the raw material, is observed optically. 1) This observation suggests that the refractive index of the grain boundary (GB) is different from that of the inner grain. The low density of the interfacial layer in the present study may be one of the origins of the different refractive index of the GB.
In FQ, an absorption peak at 5 eV is observed. One of the present authors and coworkers proposed that this band is mainly due to a TOCS (=Si ), 11) as mentioned in §1. The effects of annealing OH-containing silica and OH-free silica are different; the absorption band in OH-containing silica can be annealed, while that in OH-free silica cannot. This difference is due to a pair of OH structures coordinated to a TOCS. 11) In addition to the TOCS, OH-free FQ has neutral oxygen vacancies (Si···Si). 11) To form such defects, oxygen atoms must diffuse during melting. Therefore, the existence of these structures suggests that the structure of the binding surface could not be stoichiometric, i.e., the ratio of the numbers of Si and O atoms is 2 : 1. However, in the present model, we assumed a stoichiometric ratio. This assumption is different from that for the real structure of the binding interface. To simulate a more realistic structure, some atoms vaporized in the vacuum region must be removed from the simulation cell before contact. The number of atoms evacuated from the surface strongly depends on the heating time and temperature before contact. To form the OH structure, H 2 O molecules should be introduced before contact. The formation of such a structure also depends on the OH content. Therefore, the formation of the defect structure at the binding interface is complex. As the first step in this study, we assumed that the number ratio of the atomic species is stoichiometric. A more realistic simulation must be carried out in future investigations. In this study, the holding time at each temperature was fixed at 2 ns. The structures might depend on the annealing time. Further study must be required to confirm the annealing time dependence of the structure of the interfacial region. In such simulation, the more realistic structure mentioned above must also be considered, because the annealing effects strongly depend on the details of the surface structure, as indicated by the experimental result; 11) the annealing effect is strongly affected by the existence of the OH structure.
Charge distribution
As shown in Fig. 3 , the charge of the interfacial layer is less than those of the inner layers. Before contact, the absolute charge decrease linearly from L 4 (z ¼ 0:45 nm) to L 1 . After contact, only the charge of the Si atom in the interfacial layer is less than those in the inner layers. In the QEq method, the charge of each atom is determined by the balance of electronegativity. 14, 21) The decrement in absolute charge is due to the displacement of the electron from the Si atom to the O atom, whose electronegativity is less than that of the Si atom. The recovery of the atomic charge is correlated to the recovery of the covalent bond, as indicated by the coordination number. At temperatures lower than 2000 K, the fraction of perfect SiO 4 , f SiO 4 , is almost constant (Fig. 7) . However, the charge of the Si atom in the interfacial layer increases linearly with increasing heattreatment temperature. In this temperature range, the density increases almost linearly with increasing heat-treatment temperature. Accompanied with the increment in density, the distance between neighboring Si atoms decreases, and the Coulomb integral between them increases. Therefore, the charge of the Si atom increases with increasing heattreatment temperature. On the other hand, between 2500 and 3000 K, the density decreases. However, the charge of the Si atom in the interfacial layer still increases. This is because the coordination numbers of all Si atoms become four at these temperatures. Although the coordination number remains four between 2500 and 3000 K, the surrounding state gradually changes with increasing heat-treatment temperature in this region. As a result, the charge of the Si atom increases linearly with increasing heat-treatment temperature.
On theother hand, the charge of the O atom in the interfacial layer is almost constant, because the valence of the O atom is two and easily to recombines with that of the Si atom. In fact, f OSi 2 is at least 0.95 even at a heat-treatment temperature of 500 K.
Bond-angle distribution
In bulk silica, the O-Si-O bond angle distribution should exhibit a peak at the tetrahedral angle of 109. 5 . In fact, the results of the molecular dynamics simulations of bulk vitreous silica using various types of potential reveal a unique peak at the tetrahedral angle. 19) However, near the surface, the distribution differs from the regular distribution with a unique peak (Fig. 8) . This indicates the existence of the O-Si-O bond angle different from the tetrahedral angle.
Before contact, the O-Si-O bond angle distribution exhibits peaks at %80 and 113
and a shoulder at %103 . In the sublayers deeper than L 3 (z ¼ 0:3 nm), the distribution approaches the regular one with a peak at the tetrahedral angle. The 80 peak is attributed the edge-share structure, 14) a rhombus structure formed by two silicon atoms and two oxygen atoms, as indicated in Fig. 10 . Corresponding to this peak, the Si-O-Si bond angle distribution exhibits a peak at %100 [ Fig. 9(a) ]. The O-Si-O bond angles formed by one of the O atoms in the rhombus (edge-share) structure and an O atom bonded to the same Si atom outside the rhombus structure tend to be 115 due to the repulsion force between the oxygen atoms. This must be the origin of the peak at 113 in the interfacial layer. Another possible origin of the 113 peak is a structure similar to the E 0 center (Si ) pointed out in a previous paper. 20) In fact, a structure similar to this E 0 center exists (Fig. 10) . In addition to this E 0 centers, a structure similar to a nonbridging oxygen hole center (NBOHC [Si-O ]) exists (Fig. 10) . We showed in a previous paper that the absolute charge of a dangling oxygen is smaller than that of a two-silicon-coordinated oxygen. 21) Therefore, the O-Si-O bond angle in NBOHC may also become larger than the tetrahedral angle. One possible origin of the 103 peak is the five-coordinated Si atom in which the bond angle is 104. 5 . In a previous study using a similar potential, the five-coordinated structure was observed at high temperatures. 19) However, almost no five-coordinated silicon was observed in the present case. One possible reason for this is that some of the bonds contributing to the formation of the five-coordinated Si could be broken while keeping the bond angle of the other coordinated O atoms during the surface formation.
By the contact, the bond-angle distribution became complex even in the inner layers as shown in Fig. 8(b) . This must be due to the strain induced by the contact in these layers. After the heat treatment at 1000 K, the bond-angle distribution exhibits a peak at 105 and shoulders at 100, 110 and 120 even in the deepest layer [ Fig. 8(c) ]. This indicates that the distortion due to the induced stress still remains even in the deepest layer of the simulation cell. The intensity of the 80 peak decreased during heating at 1000 K. The origin of the peak at 105 at 1000 K could be the destruction of the SiO 5 structure, which has an O-Si-O bond angle of 104.5 , as previously pointed out. The shoulder at 120 is due to the planar regular triangle structure of SiO 3 . A shoulder at 100 was also is observed before and directly after contact. Its origin is unknown.
When the system was heat-treated at 3000 K after contact, the distribution in the inner layers approached the regular one [ Fig. 8(d) ]. However, in the interfacial layer, the distribution exhibits peaks at 103 and 115 . This indicates that these two bond angles are stable in the interfacial layer. At this temperature, the peak at 80 was not observed. This indicates that the edge-share structure does not exist in this sample. One possible origin of the peak at 115 could be a structure similar to the E 0 center or NBOHC. However, this sample has no dangling bonds because f SiO 4 and f OSi 2 are unity. During the heat treatment at 3000 K, the dangling oxygen atom reacts with the Si atom consisting of the E 0 -center-like structure. Although the 120 peak due to the planar-three-fold oxygen structure exists in the sample heattreated at 1000 K, this bond angle component is not observed in the sample heat-treated at 3000 K. This fact indicates that the planar-three-fold oxygen structure is not necessarily stable. During the heat treatment, the Si atom in the planar structure binds to the dangling oxygen, and the bond angle is between 109. 5 and 120 . The 103 peak is formed by the destruction of the SiO 5 structure with an O-Si-O bond angle of 104. 5 . In previous studies, 20, 21) we did not calculate the Si-O-Si bond-angle distribution. In a simulation study for bulk vitreous silica using a pair-additive potential with the Morse and exact Coulomb interaction terms, a peak at 160 and a trace of a shoulder at 140 were observed. 19) In the present case, the bond-angle distribution is complex. As previously pointed out, the peak at 100 is due to the edge-share structure. The distribution function exhibits a number of peaks at bond angles of 120 -180
. The distribution does not change systematically from the interfacial to inner layers. This must be due to very flexibility Si-O-Si bond angle and the presence of many variations. Therefore, a larger-scale simulation system with more atoms is required to reproduce the Si-O-Si bond-angle distribution. The O-Si-O bondangle distribution did not change systematically either. However, the unsystematic change is not very apparent, as in the case of the Si-O-Si bond-angle distribution. This is because the variation in O-Si-O bond angle is restricted compared to that in Si-O-Si bond angle.
Summary and Conclusions
The structures of the binding interface formed by the heat treatment of the contacted flat surfaces were studied by classical molecular dynamics simulation. The system was quenched after the heat treatment at 500 -3000 K. The density of the interfacial region was less than that of the bulk and increased with increasing heat-treatment temperature up to 2000 K. At heat-treatment temperatures of 2500 and 3000 K, the density became lower than those at temperatures lower than 2000 K even though the coordination states of all the atoms in the interfacial layer became regular, that is, SiO 4 and OSi 2 . This is because the bond angles are highly distorted, as observed in the O-Si-O bond-angle distribution.
Although the charge of the O atom became constant throughout the sample, that of the Si atom in the interfacial layer was lower than those of the inner layers. The charge of the Si atom in the interfacial layer increased linearly with increasing heat-treatment temperature. The interfacial layer directly after contact, the edge-shared structure in addition to the structures similar to the E 0 center and NBOHC were observed.
The Si-O-Si distribution curve did not change systematically from the interfacial to inner layers. This indicates that a larger-scale simulation system is required to reproduce the bond-angle distribution.
This simulation can be a model for the formation of the defects in FQ. FQ has defects such as a neutral oxygen vacancy (Si···Si and TOCS (=Si )). To form these defects, oxygen atoms must diffuse during melting. Therefore, to simulate the formation of the defects, some O atoms that evaporated from the surface must be removed before contact. In FQ containing OH groups, H 2 O and/or hydrogen molecules should be introduced in the space between two surfaces before contact. This must be carried out in future investigations.
